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ABSTRACT
A recent study of a small sample of X-ray binaries (XRBs) suggests a significant softening of spectra of neutron
star (NS) binaries as compared to black hole (BH) binaries in the luminosity range 1034 - 1037 erg/s. This softening
is quantified as an anticorrelation between the spectral index and the 0.5 - 10 keV X-ray luminosity. We extend the
study to significantly lower luminosities (i.e., ∼ a few × 1030 erg/s) for a larger sample of XRBs. We find evidence for
a significant anticorrelation between the spectral index and the luminosity for a group of NS binaries in the luminosity
range 1032 to 1033 erg/s. Our analysis suggests a steep slope for the correlation i.e., -2.12 ± 0.63. In contrast, BH
binaries do not exhibit the same behavior. We examine the possible dichotomy between NS and BH binaries in terms
of a Comptonization model that assumes a feedback mechanism between an optically thin hot corona and an optically
thick cool source of soft photons. We gauge the NS-BH dichotomy by comparing the extracted corona temperatures,
Compton-y parameters and the Comptonization amplification factors: The mean temperature of the NS group is found
to be significantly lower than the equivalent temperature for the BH group. The extracted Compton-y parameters and
the amplification factors follow the theoretically predicted relation with the spectral index.
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1. INTRODUCTION
Studies of Low-Mass X-ray binaries (LMXBs, both
transient and quasi-persistent) show that their spectra,
in the energy range ∼0.5 - 10.0 keV, exhibit features
that typically require at least two components for a
statistically acceptable description: a thermal and a
non-thermal component. The thermal component is
usually modeled as a single or a multicolor blackbody
(Lin et al. 2009) and is thought to be associated with the
inner parts of a geometrically thin but optically thick
accretion disk. In the case of NS binaries, the surface
of the NS is also potentially a significant source of ther-
mal emission. On the other hand, there is considerable
debate regarding the origin of the non-thermal compo-
nent, which is typically represented as a power-law (PL)
depicting the photon spectrum N(E) as E−Γ, where Γ,
the photon index of the power-law typifies whether the
spectrum is soft (Γ > 2) or hard (Γ < 2). A model that
is widely discussed in the literature (Meyer et al. 2000;
Liu et al. 2002) posits the existence of a hot corona of
electrons in the vicinity of the compact object that acts
as a diffuse and energetic source for the scattering of
soft photons. The nature, and indeed, the geometrical
profile of the corona, including the origin of the soft seed
photons that is a critical component of the scattering
process, are largely unknown and are of considerable
theoretical interest, particularly in our understanding
of the various spectral states that BH and NS binaries
are known to exhibit(Remillard & McClintock 2006).
A number of spectral states and associated transitions,
which are usually depicted as tracks on a hardness-
intensity diagram (HID; Belloni 2010 and references
therein), are discussed in the literature (Remillard &
McClintock, 2006, Belloni, 2010), however, the two
most prominent states, of which there is universal agree-
ment, are the Low/Hard (LHS) and the High/Soft states
(HSS). Other states such as the Hard/Intermediate state
(HIMS), Soft/Intermediate state (SIMS) are less certain
(Done et. al. 2007, Homan and Belloni 2005, Dunn et.
al. 2010). The quiescent state, which often gets linked
together with the LHS rounds out the categories (Belloni
2010). Other definitions have been proposed: one such
set (Remillard and McClintock 2006) contains three
spectral states: hard, thermal and the steep power law
(SPL). The HID represents an attempt to correlate the
important global properties such as the accretion rate,
physical size of the accretion disk and the prime emission
processes that are thought to be the main underlying
drivers of the observed states and the transitions among
them. Based on spectral and timing properties, the
hard and the thermal states are readily identified with
the LHS and HSS respectively. However, the SPL state
is not so easily characterized; it apparently encompasses
or overlaps the two intermediate states: HIMS and
SIMS. This is potentially a source of confusion and un-
certainty especially when comparing spectral properties
of a sample of LMXBs based solely on a luminosity scale.
Wijnands et al. (2015) point out that the photon in-
dex of a simple PL that provides an adequate descrip-
tion of the spectra for a small sample of LMXBs, in-
creases sharply with decreasing luminosity in the range
1034 − 1036 erg/s. In other words, the spectra of these
particular (NS) LMXBs soften with decreasing luminos-
ity. This phenomena has been observed before (Armas
Padilla et al. 2011; Bahramian et al. 2014; Linares et
al. 2014; Plotkin et al. 2013) but mostly for individual
sources: Wijnands et al. (2015) on the other hand assert
that this feature may be universal, therefore present in
a larger group of NS binaries that fall into the low-
accretion, low-luminosity category. For BH systems this
behavior is thought to be a symptom of radiative in-
efficiency for low-accretion flow (Plotkin et al. 2013).
Wijnands et al. (2015) compare the Γ-Luminosity cor-
relation seen in NS binaries with a small sample of BH
binaries and note that the BH binaries in the same low-
luminosity range have significantly harder spectra thus
leading to the speculation that this different spectral
behavior is a possible signature that could be used to
distinguish between BH and NS binaries. It is noted
that the XRB spectra in or near a threshold lumi-
nosity of ∼ 1034 erg/s, exhibit very distinct features
that are either predominantly PL-like or thermal-like
or in some cases, the result of an admixture of the two
components. High quality data for NS systems how-
ever seem to require the presence of an additional soft
component that is possibly linked to the NS surface
(Degenaar et al. 2013). Moreover, very recent studies
(Cackett et. al. 2013; Fridriksson et al. 2011; Degenaar
et al. 2014; Homan et al. 2014; Merritt et al. 2016) of
quasi-persistent NS binaries in or near the quiescent
state exhibit a strong thermal component as well. Thus
presently it is not entirely clear whether the softening
in the NS binaries is due to the increasing influence of
the thermal component, likely from the inner parts of
the disk or from the NS surface itself, or due to some, as
yet unidentified, underlying PL component that evolves
as a function of luminosity.
In this work, we report on the spectral analysis of 27
XRBs. We present our results in the context of the re-
ported correlation between the PL index and the 0.5-10
keV X-ray luminosity and its possible interpretation in
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terms of Comptonization of seed photons via the hot
corona in the vicinity of the central compact object.
The paper is organized as follows: In section 2, we pro-
vide a more detailed scope of the work. In section 3 we
report the details of the source selection criteria, data
reduction and methodology. In section 4, we present the
main results of our analysis based on spectral fits using
PL + blackbody models, as well as, the more physically
motivated Comptonization model COMPPS. We con-
clude by providing a summary of the main findings in
section 5.
2. AIMS AND SCOPE OF THE WORK
In this section, we begin by recalling the most perti-
nent facts relevant to our study. Wijnands et al. (2015)
claim that a simple PL, with a relatively large spec-
tral index, provides a satisfactory description of the 0.5
- 10 keV spectra of a number of NS binaries in the
low-luminosity regime. Further, the authors note that
the spectra of these particular NS binaries soften quite
sharply with decreasing luminosity. On the other hand,
comparable BH binary spectra do not exhibit the same
softening. The ‘divergence’ effect between the NS-BH
binaries appears to occur at or near a threshold luminos-
ity of a few × 1034 erg/s, a luminosity that represents
a very small fraction (∼ 0.0001) of Eddington, one that
is typically associated with LH/quiescent states. Armas
Padilla et. al (2013), in a study of three persistent but
very faint NS-binaries, also find that a thermal compo-
nent is not required for one of their sources; apparently
a PL, again with a relatively large spectral index, is all
that is needed. Indeed, Armas Padilla et. al. (2013)
question why the soft component is not detected in the
source, and note that it is unlikely to be related to the
quality of the data because all three sources were well
measured. Furthermore, they performed a series of sim-
ulations to gauge the effect of absorption and concluded
that they would have detected the thermal component
in their source had it been present at a significant level.
This leads them to the intriguing speculation that the
spectral difference must be intrinsic to the source and
that its unusually soft spectrum (large Γ ) is a feature
not related to a thermal component (which presumably
would be due to the NS surface or the accretion disk)
but instead is potentially tied to the underlying PL it-
self.
A physical process that naturally produces a PL-like
behavior is Comptonization; this is an efficient cooling
mechanism whereby energetic electrons impart energy
through collisions with low energy photons. Thus the
emergent spectrum from the medium is critically de-
pendent on the supply and the temperature of these
seed photons. The origin of these seed photon is com-
monly assumed to be either the accretion disk or the
NS surface. Regardless of the origin, photon scattering
in the vicinity of a hot corona of electrons is complex
in that it is necessary to properly account for photon
feedback, where upscattered photons are subsequently
absorbed by the source of the photons and thereby
raising the local temperature and thus increasing the
seed photon population which in turn can expedite the
Comptonization process. The overall effect is further
cooling and hence continual softening of the emerging
spectrum. A natural question then, is Comptonization a
sufficiently significant component in the low-accretion,
low-luminosity regime, particularly for those spectral
states that fall into the (somewhat ambiguous) SPL
category or is there another process that produces a
steep PL-like spectral behavior that is apparently ob-
served in the few transients measured thus far?
The aims of our study are as follows: a) to probe the
robustness of the Γ - Lx (anti)correlation through the
spectral analysis of a number of faint LMXB sources
(both transient and quasi-persistent) and determine
whether the steep softening of the spectra occurs over
a large dynamic range in luminosity, b) to compare NS
and BH binaries in order to probe possible dichotomies
between the two groups, and c) to test whether the SPL
component in the spectra is adequately described by
Comptonization or whether an additional PL-like com-
ponent is needed. Comparitively, our work can be seen
as an extension of the study of Wijnands et al. (2015) to
lower luminosities and a larger sample set. In addition,
we deploy the Comptonization model to interpret some
of our results. Our data sets are selected from the XMM-
Newton and Chandra archives and we limit these data
primarily to low-accretion, low-luminosity LMXBs. We
do not include accreting millisecond pulsars (AMXPs)
in our target list. Emission from these sources arises pri-
marily through a) accretion via magnetic poles whereby
significant magnetic fields create columns of inflow and
outflow, leading to regions where shocks form, and b)
through non-accretion mechanisms involving the colli-
sion of the pulsar wind with the materials ejected from
the donor; both of these mechanisms tend to produce
hard spectra. Our targets of study are accreting sources
with low magnetic fields and thus form a different group
altogether. Effort is made to achieve acceptable fits
with use of single models i.e., thermal, phenomenolog-
ical PL, and Comptonization. As needed, minimum
combination of models are used in subsequent fits. The
aim is to extract uniform global trends of the fitted
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parameters (for both NS and BH binaries) as opposed
to fine-tuning the models for best statistical outcomes.
The thermal component is modeled by a multicolor ac-
cretion disk or a standard blackbody; in addition to the
ordinary PL, a PL-like component can be realized via
Comptonization models, such as COMPPS. Knowing
that Comptonization tails typically show up at high en-
ergies, we adopt some of the parameterizations of Burke
et al. (2017) who studied Comptonization in NS-BH bi-
nary systems in the RXTE energy range. For example,
the electron distribution is assumed to be Maxwellian
and the geometry is taken to be spherical. The corona
electron temperature and the optical depth are treated
as free parameters. The known galactic absorption is
included explicitly and an intrinsic absorption is left as
a free parameter. This places us in a position to explore
possible correlations among the main parameters i.e.,
Γ, luminosity, and the Compton y-parameter, which
quantifies the average change in energy of photons as
they traverse the hot corona of electrons depicted by an
electron cloud temperature kTe and optical depth τ .
3. SAMPLE SELECTION AND METHODOLOGY
We started with an initial sample of 52 LMXBs for
which there were either Chandra or XMM-Newton ob-
servations. The majority of these systems (23 BHs
and 23 NS respectively) are transient, low-to-moderate
accreting sources. The sample also included two micro-
quasars and four LMXBs with an uncertain nature. Of
these we identified 40 sources with distance informa-
tion so that we could establish a luminosity scale. As
a preliminary step, we extracted spectra for all these
systems in order to identify sources with reasonable
signal-to-noise ratio and sufficient counts in the 0.5 -
10 keV energy band to allow for further detailed spec-
tral analysis. Our final sample consists of 27 LMXBs
(15 BH and 12 NS binaries respectively) for which we
present a detailed spectral analysis. We note that in
our final sample all BH systems and the majority of the
NS systems (with a couple of exceptions) show tran-
sient behavior. The entire data sets are taken from the
Chandra and XMM-Newton archives. We direct the
reader to Tables 1, 2, and 3 for full details regarding
number of data sets analyzed, the particular observation
IDs, and the particular models deployed in the spectral
fits. Consistent with one of our starting criteria, the
chosen targets fall into the requisite range in luminos-
ity i.e., from a few x ∼ 1030 erg/s to 1036 erg/s. As
designed, this extends the lower luminosity threshold
considerably compared to Wijnands et al. (2015) who
chose 1034 erg/s as the cutoff. Their study and oth-
ers (Rutledge et al. 2001, 2002; Tomsick et al. 2004;
Campana et al. 2002; Wijnands et al. 2005; Heinke et
al. 2007, 2009) hint at evidence that the situation re-
garding XRB spectra, especially the spectral behavior
of certain groups of NS binaries becomes very complex
at or around this threshold. In this study we have em-
barked on probing whether indeed there is some level
of ’bifurcation’ among these NS groups as a function
of luminosity, and if so, whether these groups can be
isolated for further study particularly in regards to the
appearance of the SPL spectral feature which might be
indicative of a new emission mechanism responsible for
their apparent diverse behavior.
For the Chandra data set, we used version 4.6 of CIAO
with the most up-to-date calibration files to reduce the
evt2 files. Using the specextract script, source and back-
ground spectra and responses were created from each
observation. The source spectra were extracted using a
circle centered on the source. Background spectra were
extracted from an adjacent, source-free, region of the
same size. For the XMM measurements, observation
data files (ODFs) were processed using standard pro-
cedures of the XMM-Newton Science Analysis System
(XMM-SAS version 13.0.1). For each observation, spec-
tra were extracted using circular regions centered on the
X-ray source of interest. Background subtraction was
performed using source-free apertures located nearby or
around the source. The HEASARC/FTOOLS suite was
used to further process the data; the routine grppha
was used to group all spectra.
The spectra were analyzed using XSPEC version 12.8.2
(Arnaud 1996). The data were fitted over the 0.3 -
10.0 keV energy range: models considered include the
PL (power-law) and thermal models, such as diskbb
and bbody, along with galactic and intrinsic absorption.
The galactic NH was fixed and the intrinsic NH was
allowed to vary. As an initial step, we used a simple
powerlaw (PL), and then added a soft component using
either a standard blackbody (bbody) or an accretion
disc blackbody model such as (diskbb). We did this to
ascertain whether there were significant differences in
the extracted parameters particularly the spectral in-
dices. For the majority of our fits, 11 of 15 BH sources
and 7 of 12 NS sources respectively, a PL by itself pro-
duced sufficiently acceptable fits with χ2 6 1.3. These
represent significant fractions of the overall samples for
the two respective groups. For the remaining spectra
(4/15 BH and 5/12 NS), a PL by itself led to a χ2
≥ 1.3 and required an additional spectral component.
Another method that is sometimes deployed to dis-
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cern whether an additional model is needed to describe
the spectrum is the F-statistic; in this method (which
should be used with some caution since it is known to
either fail or lead to inconclusive results under certain
conditions; see Protassov et al. (2002)), the fit results
and the sum of the squares of the residuals obtained
with a full model (typically consisting of a set of linear
models), are compared with fits and residuals obtained
with a restricted model (formally a subset of the full
model). A comparison of the F-statistic obtained from
the data and that calculated from the underlying F-
distribution (for the relative change in the degrees of
freedom in going from the full model to the restricted
model), provides a test for either accepting or rejecting
(at a certain confidence level) the hypothesis that an
additional component is necessary in fitting the data.
We performed this test for the NS binaries assuming the
full model to consist of a PL plus a thermal component
(either a bbody or a diskbb). The restricted model was
simply either the PL or one of the thermal components.
The F-statistic was computed for all combinations for
the NS sample: Six (out of 12), the ones with large
spectral indices, passed the F-test, indicating that an
additional component, beyond the PL, is not needed at
the 95% confidence level. This result is consistent with
our use of the χ2 cutoff. The F-test for 5 NS sources
indicated the need for an additional component beyond
the simple PL, and the results for one were inconclu-
sive. The models used and the parameters extracted
from the fits are summarized in Table 1. A glance at
the fit parameters shows that for the 6 NS sources that
exhibit the softest spectra (largest Γ), the PL was the
only model used in fitting the data. An additional com-
ponent did not produce any significant improvement in
the χ2. As the combined results show (see later sec-
tion), these are the sources that show the steepest slope
as a function of luminosity. Secondly, we fitted both
the Chandra and XMM data sets with the physically
motivated Comptonization model, COMPPS. These fits
allow us to assess the contribution of Comptonization,
especially the role played by low-energy seed photons
emanating from the accretion disk. In this portion of
the analysis, we followed the strategy adopted by Burke
et al. (2017) who fixed several parameters including R
(the amount of reflection; assumed 0.55 for NS and 0.24
for BH binaries). The electron distribution was assumed
to be Maxwellian and the geometry was assumed to be
spherical. Further, the PHABS model was used to ac-
count for the absorption column, with NH fixed at the
galactic level. Depending on the quality of the fit, we
also fixed the blackbody temperature, and the normal-
ization in some cases. The corona electron temperature
and the optical depth were left as free parameters. The
X-ray luminosities were computed in the range 0.5 - 10
keV. The key parameters extracted in this portion of
the analysis, including the blackbody and corona tem-
peratures, kTb and kTe respectively, and optical depths
τy, are listed in Table 2.
4. RESULTS AND DISCUSSION
In Figure 1(a), we present the collective trend of the
spectral index of our sample of LMXBs (BHs: blue,
NS; red), combined with the sample of Wijnands et al.
(2015) (black), with respect to the corresponding X-ray
luminosity in the 0.5-10 keV range. Our sample of 27
sources is shown by itself in Figure 1(b). On the whole,
the results from our larger sample are in reasonable
accord with the findings reported by Wijnands et al.
(2015) in that the NS binaries exhibit significantly more
softer spectra in the low-luminosity regime as compared
to BH binaries over the same range. We emphasize here
that the group of (6) NS binaries that show the softest
spectra (large spectral indices i.e., ∼3 - 6) are well fitted
with a PL only i.e., for these sources an admixture of
models is not needed for a good spectral description in
the chosen energy band (see Figure 1(c)). However, for
several NS-sources (4U 1702-429, 4U 1728-16, 4U 1820-
30 and 4U 1850-087) a thermal component was added
to constrain the fit and achieve a reasonable χ2. Both
sets of fit parameters (PL only and PL+ thermal com-
ponent) are listed in Table 1. For 4U 1702-429, the PL
fit was rejected because it produced an unacceptably
large χ2. In all of these cases the extracted spectral
index varies between ∼ 0.8 - 2.1 i.e, typical of relatively
hard spectra and certainly very small compared to the
indices for the group of 6 NS binaries that exhibit the
steep slope as function of luminosity. For the NS sam-
ple as a whole, the spectral index rises more steeply
in the low-luminosity range compared to that in the
range above ∼1035 erg/s. This is illustrated by the fits
(red solid and dashed lines) to the NS-data (red points)
where we have employed the function: Γ = alogLx + b.
We find a slope of ∼ -2.12 +/- 0.63 for the solid line. The
dashed line is obtained when we use a different distance
(Homan et al. 2014) to calculate the luminosity for
the source: MAXIJ0556-332. The slope in this case is
-1.19 +/- 0.34. These steep slopes in the low-luminosity
region are to be compared with the slope of -0.42 +/-
0.04 obtained by Wijnands et al. (2015) for their NS-
data in the higher luminosity range. If we combine our
high-luminosity NS data with those of Wijnands et al.
(2015), we obtain a slightly larger slope (-0.57+/- 0.03)
(shown as a black line in Figure 1(a)) but nonetheless
6 Sonbas et al.
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Figure 1. (a) top panel: Spectral index vs. X-ray luminos-
ity in the 0.5-10 keV for BH binaries (blue), and NS binaries
(red). The results from the Wijnands et al. (2015) study are
shown in black. The black line is a fit to the high-luminosity
data. The red solid line is a fit to the low-luminosity NS
data. The dash red line is same fit but with different lumi-
nosity for source MAXIJ0556-332. (b) middle panel: Same
variables as above but for sources investigated in this work.
(c) bottom panel: Our sample with PL fits only.
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Figure 2. Spectral index vs. X-ray luminosity in the 0.5-10 keV
for three (NS) LMXBs. The blue line is a fit to the low-luminosity
data only. The green line is a fit to the high-luminosity data. An
apparent transition of spectral behavior occurs at a luminosity of
∼ 1035 erg/s.
 1
 10
 0.01  0.1  1  10
Sp
ec
tra
l I
nd
ex
Compton-y
NSs
BHs
Best Fit
Steiner et al. 2009
Figure 3. Spectral index vs. the Compton-y parameter for
BH binaries (blue), and NS binaries (red). Solid line is the
best-fit to the data and the dashed line is a model calculation
(Steiner et al. 2009).
the difference between the low-luminosity data (1032 -
1034 erg/s) and the high-luminosity (1034 - 1037 erg/s)
is clearly significant. The error bars on some of the
extracted spectral indices are relatively large as indeed
was noted by Wijnands et al. (2015). No doubt this
is in part due to the lack of photon statistics for the
low-luminosity data sets and the limited model param-
eters deployed in the fits (only a PL fit in majority of
the cases). Another obvious consideration, as noted in
the introduction, is related to the spectral state of the
individual source. Following Wijnands et al (2015), we
have focused on the lowest luminosity scale for each of
the observations i.e., sources apparently in the LHS or
that approaching the quiescent state, and where possi-
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Figure 4. Distribution of corona temperature (kTe) for BH
binaries (blue), and NS binaries (red). Green block indicates
NS sources with soft spectra i.e., Γ > 3.
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Figure 5. Compton-y parameters vs kTe for BH binaries
(blue), and NS binaries (red).
ble, the use of the simplest spectral model in fitting the
data. Of course we are cognizant of the fact that the
luminosity scale by itself is not a proxy for the designa-
tion of a spectral state especially if the state falls into
the somewhat ambigous SPL state which encompasses
a large region in the HID.
Based on the low-luminosity region of Figures 1(a,b),
the overall trend is clear in that the spectral index for
BH binaries tends to plateau at low luminosities whereas
the index for the NS binaries is anticorrelated with the
luminosity and displays a steep increase as the luminos-
ity decreases indicating much softer spectra in the range
of luminosities that might typically be associated with
the LHS. This anticorrelation has been noticed before:
see (Jonker et al. 2004a,b). These authors note a cor-
relation between the fractional power-law contribution
and the (0.5 - 10 keV)- luminosity above ∼1033 erg/s
and an anticorrelation between these two quantities for
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Figure 6. Spectral index vs Amplification factor for BH
binaries (blue), and NS binaries (red). The curves show
results of calculations of Comptonization based on a disk-
corona model (Gilfanov 2004) for varying temperatures and
optical depth.
luminosities below ∼1033 erg/s. While our data do not
explicitly exhibit both features, the data do however
suggest a transition i.e. a marked change of slope in the
spectral-index-luminosity trend around a luminosity of
∼1034 erg/s.
For a few of our NS binaries multiple observations
exist; we analyzed all these observations for Aql-X1,
MAXIJ0556-332, and SAXJ1748.9-2021 in order to get
a sense of their individual behavior as function of lumi-
nosity i.e., whether they individually exhibit the global
feature observed in the NS sample as a whole. We
fitted the available spectra with a phenomenological
PL and extracted the spectral index (Γ). In Figure 2,
we show the extracted photon index (Γ) as a function
of X-ray luminosity in the 0.5-10 keV range. We find
that the sources exhibit significantly soft spectra in the
low-luminosity regime i.e., Γ rises steeply in the low-
luminosity range compared to that in the range above
∼ 1035 erg/s. This is illustrated by the separate fits to
the low- and high-luminosity data, where we have em-
ployed the same function as Figure 1a. We find a slope
of -1.78 ± 0.14 in the low-luminosity region (indicated
by the blue line fit in Figure 2), and a slope of -0.45
± 0.17 in the high-luminosity region (green line fit);
the trend of the low-luminosity data and the high- lu-
minosity data is significantly different. Admittedly the
data are limited and the transition is at best convincing
for only two of the three sources (namely Aql-X1 and
MAXIJ0556-332) but nonetheless the data do suggest,
at least in a limited number of individual sources, that
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the softening feature appears to evolve as a function
of luminosity and is likely to be a general feature in a
larger set of similar low-accreting systems.
In addition to our primary aim, that of probing the
Γ - Luminosity correlation, we also wanted to explore
whether the data could be described by a physically
motivated model such as Comptonization for it has
the necessary ingredients for the production of thermal
and non-thermal components in a self consistent man-
ner. In a recent study, Axelsson & Done (2016), using
frequency-resolved spectra suggest further evidence for
two major Comptonization regions in BH binaries i.e.,
a soft one, the origin of which is associated with the
disk, and a hard one which is apparently independent
of the disk. They further suggest that both are likely
to be inhomogeneous. While we are not in a position to
perform a similar study, we are nonetheless motivated
to explore whether the presence of these components,
particularly the soft one, can be identified through a
Comptonization model such as COMPPS (in XSPEC).
We used the COMPPS model to extract the Compton-y
parameter for our data sets. The results are shown in
Figure 3, where we have plotted the spectral indices
extracted via PL fits of the same data sets. Despite the
fairly large uncertainties, the Compton-y parameters
and the photon indices (Γ) clearly exhibit an anticor-
relation. The expected theoretical dependence on Γ is
indicated by the dashed line and is based on a solution
to the Kompaneets equation (see Shapiro et al. (1976);
Rybicki & Lightman (1979)). For completeness, also
shown is the best fit to the data, solid line with an
exponent of -0.34+/- 0.05 which is somewhat shallower
than the result (-0.41 +/- 0.01) from the physically
motivated model of Comptonization via repeated scat-
tering by non-relativistic electrons. In addition, notice
that the low Compton-y parameter region (correspond-
ing to low optical depth), is solely occupied by (6) NS
binaries (red points) that have the softest spectra i.e,
the ones with largest photon index (see Fig. 1). In con-
trast, all the BH binaries occupy the mid-to-high values
of the Compton-y parameter region (corresponding to
relatively high optical depth). These sources exhibit
relatively hard spectra. We also notice that a number of
NS binaries occupy this high end of the Compton-y pa-
rameter region as well but we point out that this group
is about an order of magnitude above the low-luminosity
threshold of ∼1034 erg/s. In addition to the Comp-y pa-
rameter, the electron cloud (corona) temperature, kTe
(keV), is another key parameter of the Comptonization
model: a histogram of the extracted kTe is plotted in
Figure 4. The NS distribution (shown in red), with a
mean temperature around 90 keV, is clearly displaced
from the BH distribution (shown in blue), with a mean
value of approximately 175 keV. This significant offset
between the two groups of binaries again suggests a
spectral signature for distinguishing between the two
groups. This is in agreement with the findings of Burke
et al. (2017) who also report a clear separation of kTe
scales for the BH and NS groups. Shown as shaded
green is the group of 6 NS binaries with the relatively
soft spectra; the group is clustered at a significantly
lower corona temperature (∼50 keV) than the average
temperature for the NS sample (∼90 keV). The expected
correlation between Comp-y and the corona tempera-
ture kTe is nicely illustrated in Figure 5. The separation
between the group of soft-spectra 6-NS binaries and the
rest of the sample is clearly visible.
The impact of the seed photons on the Comptoniza-
tion process is quantified by the blackbody temperature
(kTbb): The majority of the NS binaries are well within
the typical disk temperatures of about 0.1 - 0.2 keV.
A large fraction of the BH sources also lie in the same
range although the dispersion is somewhat larger than
the NS sample. The 6 soft-spectra NS binaries reside
comfortably in the low-temperature range. In addition,
we follow the procedure defined by (Burke et al. 2017)
and calculate the Compton amplification factor (A) that
provides a measure of the relative contributions to the
thermal and non-thermal components of the emitted
spectrum (essentially a proxy for the real factor because
of the limited energy band of our data sets) for all the
sources fitted with the COMPPS model. A simplified
configuration envisages the emission of power in a hot
optically thin region in the vicinity of a much cooler
optically thick source. The two sources (hot corona and
the cool disk) are understood to be coupled in that the
emission from the cool source is the origin of the soft
photons for the Comptonization process and that the
more energetic or harder photons that are produced as
result of Comptonization, in turn, produce heating of
the disk. This feedback, by way of an energy balance,
then determines the Comptonized amplification factor
A. Of course since the feedback determines the relative
fractions of the emitted power that leads to the emitted
spectrum consisting of the three components i.e., the
thermalized component from the thick disk (blackbody-
like), the power-law from direct Comptonization, and
the reflection component, the amplification factor is
thus expected to be intricately connected to the emit-
ted spectrum. In Figure 6, we show the behavior of the
extracted spectral indices for our sample as a function
of the Comptonization amplification factor (normalized
XRBs in the low-luminosity regime 9
to unity primarily because of the very limited energy-
band coverage of our data sets). Along with the data,
we also show the results of model calculations for the
relation between the spectral index and the amplifica-
tion factor based on simple disk-corona model (Gilfanov
2004). We see that the data closely follow the predicted
theoretical trend for parameters pertinent to our data
(green curve) i.e., optical depth ∼0.13 and (Tbb/Te)
∼10−4. Moreover, we notice that the NS binaries with
the largest spectral indices appear to be asymptotically
approaching the theoretical limit of A∼1. i.e., the spec-
tra are considerably softer compared to the comparable
luminosity BH binaries which are also approaching the
same limit but relatively slowly i.e, BH binaries have
significantly harder spectra for the same amplification
factor.
Assuming a hot corona with mildly relativistic bulk
motion, Beloborodov (1999) suggests a different rela-
tion between the spectral index and the amplification
factor i.e., Γ∼ A−k, where the exponent is estimated
to be 1/6 for galactic BHs. Using this relation, a fit
to our BH data leads to an exponent of 0.35 +/- 0.09.
This value seems to be in tension with the model pre-
diction of 1/6 for BHs thus arguing against the presence
of relativistic bulk motion. For the NS data we find a
similar exponent i.e., 0.27 +/- 0.03, suggesting insen-
sitivity to the nature of the compact object. However,
we recognize that our sample is small and the overall
statistics are relatively poor thus our statements are
necessarily speculative at best. Moreover, since we are
mostly interested in the comparison of what seems to
be a universal behavior of LMXBs in the low-luminosity
regime, we are less concerned with the absolute value of
the amplification factor and more with its overall trend
as a function of the spectral index, Γ.
Wijnands et al. 2015 place the luminosity threshold
for NS binaries at 1034 erg/s: it is noted that below
this threshold the spectral situation becomes complex
i.e., some systems are totally dominated by the thermal
component leading to very large spectral indices (Rut-
ledge et al. 2001, 2002; Tomsick et al. 2004), while other
systems tend to exhibit significant PL contribution with
fairly low spectral indices (Campana et al. 2002; Wij-
nands et al. 2005; Heinke et al. 2009; Degenaar et al.
2012). Our study confirms the large spectral indices (in
the range 3 - 6) for a group of (6) NS binaries. It is cer-
tainly plausible (as suggested by Wijnands et al. (2015))
that the observed large thermal component arises as a
result of the NS surface i.e., cooling of the surface as the
NS systems transition from outburst to and through the
quiescent state. Indeed, some recent studies (Wijnands
et al. 2004; Cackett et. al. 2008; Degenaar et al. 2015;
Fridriksson et al. 2011; Diaz Trigo et al. 2011; Homan
et al. 2014; Waterhouse et al. 2016; Merritt et al. 2016)
that have monitored a sample of transient LMXBs in
their quiescent states have been used to extract cool-
ing curves that allow the determination of effective NS
surface temperature profiles. Although not directly
comparable, the effective seed photon temperatures ex-
tracted in our study for the group of NS binaries with
high spectral indices (see kTbb column in Table 2), fall in
a range (80-170 eV) that is not too dissimilar from the
effective NS surface temperatures extracted by Homan
et al. (2014) in their study of a number of transient NS
binaries in the quiescent state. This is unlikely to be a
coincidence. Clearly additional data are needed to put
this on a more firm footing but the similarity of the
extracted temperature ranges is suggestive of the notion
that the NS surface likely plays a significant role in the
thermal emission observed in a number of NS binaries
in or near their quiescent state.
5. SUMMARY
We have performed a spectral analysis of a sample of
LMXBs in the low-luminosity regime. The luminosity
coverage is large, ranging from ∼1030 to ∼1036 erg/s.
Our sample includes persistent and transient BH and
NS binaries; AMXPs are excluded. The analysis has
been performed in two stages: in the initial stage the
spectra were primarily fitted with a phenomenological
PL for a relatively large sample of NS and BH binaries
across a wide range of luminosities. For a few cases a
thermal component was added in order to achieve an
acceptable χ2. The adopted strategy was not to neces-
sarily strive for the best possible statistical fits but to
keep the fit parameters to a minimum and a common
set so that global trends among the data sets, if any,
could be robustly compared. In this part of the analysis
we followed the procedure adopted by Wijnands et al.
(2015), who analyzed a smaller sample of sources and
within a more limited luminosity range and presented
evidence for a dichotomy of behavior of NS and BH bi-
naries, cast as a correlation between the spectral index
and the luminosity. In the second part of the analysis,
we followed the strategy of ?, by deploying the more
physically motivated model of thermal and bulk Comp-
tonization to explore the BH-NS dichotomy in detail.
We summarize our main findings as follows:
• We find evidence for a significant anticorrelation
between the spectral index and the luminosity for
a group of NS binaries in the luminosity range
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∼1032 to ∼1033 erg/s. Our analysis suggests a
steep slope for the correlation i.e., -2.12 +/- 0.63.
At the higher luminosities, we find a shallower
slope in agreement with the findings of Wijnands
et al. (2015). In contrast, BH binaries do not ex-
hibit the same behavior.
• The NS-BH dichotomy is further demonstrated by
the corona temperature (kTe) extracted for the
bulk of the sources; the mean temperature for the
NS group is significantly lower than the equivalent
temperature for the BH group, in good agreement
with the findings of Burke et al. (2017).
• We show that the extracted Comptonized amplifi-
cation factor, A, follows the theoretically predicted
relation with the spectral index, Γ. This lends
support to a basic Comptonization model which
assumes a feedback mechanism between an opti-
cally thin hot corona and an optically thick cooler
source of soft photons. The low-luminosity NS
binaries tend to approach the amplification limit
more rapidly compared to the BH binaries.
• A formulation of the Comptonization process in
terms of a hot corona with mild relativistic bulk
motion predicts a simple power-law relation be-
tween Γ and the amplification factor, A. For rea-
sonable parameters, this model predicts an expo-
nent of 1/6 for galactic BHs; fits to our BH data
suggest an exponent of 0.35 +/- 0.09 i.e., in tension
with the model prediction and arguing against the
presence of relativistic bulk flow. Fits to the NS
data produce a similar exponent, suggesting insen-
sitivity to the nature of the compact object. We
note however the precision of the current data is
insufficient to justify a more definitive conclusion.
• The photon seed temperatures extracted for a
number of NS binaries with relatively large spec-
tral indices fall in a range that is not too dissimi-
lar from the effective NS surface temperatures ex-
tracted from cooling curves of transient NS sys-
tems in their quiescent state. If verified by addi-
tional data, this would lend support to the idea
that the NS surface plays a significant role in the
observed thermal emission from these systems in
or near their quiescent state.
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Table 2. Summary of COMPPS fit parameters for our sample of LMXBs in the Low-Luminosity range.
Source Name Observation ID kTbb kTe τy Amplification Factor χ
2/dof
(X)-XMM; (C)-Chandra keV keV
BH Binaries
4U 1543-47 0155762201(X) 0.1 81+6−6 1.22
+0.08
−0.07 1.17 2459.5/2403
A 0620-00 95(C) 0.14±0.02 140+58−45 0.3+0.2−0.1 0.05 32.1/26
GS 1354-64 15576(C) 0.11 258+176−100 0.08
+0.04
−0.02 0.18 25.6/22
MAXI J1659-152 12439(C) 0.1 207+129−80 0.29
+0.14
−0.09 0.70 17.7/14
V404 Cyg 0304000201(X) 0.35 106+23−21 1.3
+0.2
−0.2 1.14 405.7/412
XTE J1650-500 2731(C) 0.35 152+43−35 1.9
+0.2
−0.2 1.35 256.0/282
1E 1740.7-2942 658(C) 0.57±0.05 184+80−80 1.1+0.2−0.2 0.39 206.3/237
GRS 1758-258 0112971301(X) 0.46±0.01 182+83−54 0.63+0.09−0.06 0.80 319.1/401
Swift J1357.2-0933 00674580101(X) 0.12±0.01 155+2−2 1.08+0.01−0.01 2.33 3165.50/1796
NS Binaries
4U 1608-52 12470(C) 0.15 47+11−10 0.09
+0.04
−0.03 0.02 54.9/45
4U 1908+005 (Aql X1) 3489(C) 0.17 52±22 0.2±0.1 0.14 24.5/29
MAXI J0556-332 0744870201(X) 0.08±0.01 43+8−9 0.22+0.12−0.07 0.03 242.3/247
SAX J1748.9-2021 0149180901(X) 0.11 64+35−24 0.10
+0.09
−0.05 0.03 746.4/1026
SAX J1750.8-2900 14651(C) 0.10 79+32−25 0.15
+0.12
−0.06 0.04 27.3/20
XTEJ1701-462 0413390101(X) 0.12 29+4−4 0.14
+0.05
−0.03 0.002 177.4/176
4U 1702-429 0604030101(X) 0.10 103+3−3 1.91
+0.05
−0.05 2.01 7876.8/3858
4U 1728-16 0090340101(X) 0.13±0.01 140+4−4 1.25+0.01−0.01 1.88 4896.6/3068
4U 1728-34 0701190101(X) 0.20 128+27−33 1.4
+0.7
−0.4 1.19 1696.2/1569
4U 1850-087 0154150501(X) 0.07±0.01 100+11−10 0.69+0.10−0.08 0.70 2709.1/2073
